INTRODUCTION
============

The leading causes of adhesions emanating from serous organs such as pleura, the pericardium and peritoneum are various types of injuries, such as surgery and infections [@B1]-[@B3]. Desquamation of pleural adhesions can induce hemorrhage. Multiple operative procedures in the thoracic cavity have become increasingly common for treatment of secondary malignancies and pneumothorax [@B4]. Postoperative adhesions after the first surgical intervention makes the operation more challenging, constituting a potential risk of e.g. prolonging the duration of surgery and increase the risk of harming vital structures [@B5]. Even if VATS (video assisted thoracic surgery) is used 54% of the patients develop pleural adhesions after surgery, thereby stating that the problem with pleural adhesions still remains [@B5], [@B6].

Various types of agents have been tested in order to prohibit the development of postoperative pleural and pericardial adhesions with promising results [@B7]-[@B10], but none is widely used in clinical practice. There are some experimentally and clinically used antiadhesive agents for the prevention of postoperative intraabdominal adhesions, such as Seprafilm™ and Statofilm, but none have yet proven as an ideal solution in the thoracic cavity [@B11]-[@B13].

Previous animal studies have focused on combining the oppositely charged polypeptides poly-L-lysine (PL) and poly-L-glutamate (PG) to form a neutral biodegradable matrix at the site of peritoneal injury in order to prevent postoperative abdominal adhesions [@B14], [@B15]. The results have been promising with no negative aspects noted on immunology, bleeding or inflammation/healing [@B15], [@B16].

In this pilot study, we investigated if the polypeptides (PL+PG) administered by spray might prevent the development of pleural adhesions. Furthermore, concentrations of PAI-1 and active TGFb1 in the pleural adhesions, were measured, since these are known to be important parameters/factors involved in the formation of adhesions**.**

MATERIALS AND METHODS
=====================

Animals
-------

A total of 22 male Sprague Dawley rats (Charles River, Sulzfeld, Germany) weighing approximately 250g each were used for the induction of pleural adhesions. The animals were kept under standardized conditions and had free access to water and pellets. The study was approved by the local ethical committee at Lund University (Lund, Sweden) and the animals received the best animal care in compliance with the guidelines of the Swedish Government and Lund University, Sweden.

Chemicals
---------

The chemicals, poly-L-lysine (PL) MW\>30kDa and poly-L-glutamate (PG) MW 15-50kD (Sigma Aldrich™, St. Louis, Missouri, USA), were freshly prepared at the day of the experiment with 2.54% glycerol and water in order to create an osmotic balanced solution to a final concentration of 0.5% (5mg/ml). They were put in separate bottle atomizers (Aptar Pharma, Crystal Lake, Illinois, USA) that administrated 0.025 ml volume with one spray dose. Four spray doses were used equivalent to 0.1ml.

Model
-----

The animals were blindly and randomly selected to receive either PLPG (N=12, the experiment group) or receive saline (N=10, the control group, table [1](#T1){ref-type="table"}).

The rats were anesthetized with 50mg/kg Ketalar™ (Parker Davis™ Detroit, Michigan, USA) and Xylazine 6mg/kg (Rompun™ Vet, Bayer AB, Gothenburg, Sweden) by intramuscular injections.

An incision over the trachea was made and the neck muscles were bluntly dissected. A thin catheter (16G plastic catheter) was introduced into the trachea as a tracheotomy; this technique has been described in previous studies [@B17], [@B18]. The catheter was connected to a ventilator providing 90 respirator counts and 10 ml/kg of tidal volume per minute.

A left anterolateral thoracotomy (2cm) between the fourth and fifth costae was performed during sterile conditions and a standardized pleural adhesion-creating model was performed, previously described by Takagi et al. [@B11]. In brief, the pleural adhesions were created by the electro-cauterized incision of the thorax wall. The experimental group received PL (0.5%, 0.100 ml) followed by PG (0.5%, 0.100 ml) at a distance of 2cm from the incised area by a spray atomizer treating both visceral and parietal pleura. Following treatment, immediate closure of the external thoracic muscles using running sutures was performed (5-0 Prolene™ Ethicon, Somerville, NJ, USA). The control group received 0.9% NaCl (0.100 ml). Prior to skin closure the animals received 0.5ml of bupivacaine injected at the wound site as local anaesthetic. The animals received subcutaneous saline (0.9%, 5 ml) for resuscitation and buprenorphine for postoperative pain control. All animals were weighed in conjunction with every operative procedure.

Evaluation
----------

The pleural adhesions were evaluated 7 days after the primary surgery. All animals were weighed prior to (day 0) and after (day 7) surgery. The severity of adhesions was determined with a six-graded scale according to Oncel et al [@B19] (Table [1](#T1){ref-type="table"}). The length of the adhesions was graded according to Takagi et al [@B11] (Table [2](#T2){ref-type="table"}).

Biopsies from the adhesions were taken at day 7, immediately allocated to tubes and snap frozen to -80°C. Tissue samples were homogenized in acetate buffer in order to efficiently extract the proteins. Active proteins were normalized to total protein content [@B20]. PAI-1 and active TGFb1 levels were determined using ELISA techniques, all according to the manufacturer\'s instructions.

The visceral pleura histology biopsies were taken in the middle of the pleura incision. These biopsy samples were taken for evaluation at day 7 for preparing paraffin embedded specimens, and stained for collagen with Massons-Trichrome in order to visualize fibrosis. After evaluation, the animals were euthanized by an overdose of Ketalar™ and Rompun™ according to AVMA guidelines on euthanasia 2007 [@B21] whilst still kept under anaesthesia.

Statistical analysis
--------------------

Results describing the length and severity of adhesions, as well as results of PAI-1 and TGFb were shown as median +/- interquartile. Mann Whitney U test was used due to the nonparametric distribution and p\<0.05 was considered significant. The statistical analyses were performed using SPSS (SPSS® v19.0, SPSS Inc., Chicago, Ill., USA).

RESULTS
=======

Almost all animals in the control group showed severe and long adhesions on gross examination (Figure [1](#F1){ref-type="fig"}). No animals exhibited the worst severity (grade 5). In the PLPG treatment group, adhesions were less severe and shorter on macroscopic examination, but no animals in the treated group had any adhesions. The median length of adhesions according to Takagi et al was 2 (+/- 1) in the treated animals and 4(+/-2) in the control group at day 7. This reached statistical significance (p\<0.05; Figure [2](#F2){ref-type="fig"}). A significant lower severity in quality of the adhesions according to Oncel et al was also detected at day 7 (p\<0.05; Figure [3](#F3){ref-type="fig"}). No significant differences were seen in PAI-1 (p=0.322) or TGFb1 levels (p= 0.378) between PLPG and control animals at day 7 (Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}).

Histology slides showed macroscopically less fibrosis in the pleura of animals treated with PLPG than seen in the control group (Figure [6](#F6){ref-type="fig"}), but this was not quantified.

The weight of the animals did not differ between groups before surgery (day 0) or before evaluation procedure (day 7).

DISCUSSION
==========

In this pilot study we have demonstrated that the administration of differently charged polypeptides (PLPG) significantly diminished the severity of pleural adhesions and reduced the length, as well as the numbers of adhesions in a standardized rat model on pleural adhesions.

Previous studies have shown that the combination of PL and PG forms a neutrally charged biodegradable polymer that seals off the injured peritoneum, thereby decreasing development of adhesions [@B15]. Since the peritoneum and pleura share the same features when it comes to embryological origin, function and pattern for resolving after an injury we therefore hypothesized that the polymer complex of PLPG would react similarly when administered on a pleural injured surface as when delivered on a peritoneal injury [@B22]-[@B24].

Several previous studies have been made regarding the prevention of pleural adhesions [@B25]-[@B27]. Most of these have used biologic barriers as the principal anti-adhesive mechanisms. One of those studies has used carboxymethylcellulose combined with hyaluronic acid into a gel form (CMC+HA) [@B28]. This agent has proven promising results concerning the prevention of peritoneal adhesions. However, when it comes to prevent pleural adhesions the results have been somewhat contradictory [@B29], [@B30]. One recent study with a short polycation actually showed significantly shorter adhesions as compared to the CMC+HA when evaluated 28 days after pleural surgery [@B11]. Other studies have used HA and yet others collagen with positive results on pleural adhesion prevention [@B7], [@B31].

There have not yet been any reports comparing the anti-adhesion effect of PLPG with other anti-adhesive agents preventing pleural or abdominal adhesions. Thus one can only speculate regarding the differences between various groups in such a study. One study has been published indicating that CMC+HA (Seprafilm®) might increase the risk of granuloma generation in some cases, which may be hazardous regarding the use against pleural adhesions [@B32].

Another important aspect when using anti-adhesives in pleura is that the device should be easy to administer. We speculate that using a spray when administering anti-adhesives onto pleura e.g. PLPG is easier to handle than a non-spray device e.g. Interceed™ (Oxidized regenerated cellulose) or Seprafilm™ (CMC+HA bio films)

The electrostatic interaction between the outer bilipid cell surface membrane and various poly-L-lysines have previously been reported to be very rapid [@B33] and we speculated that the PL in our study might have interacted in the same way with the mesothelial cell on the pleura after administration. We further hypothesized that the administered PLPG would work as a biological barrier with sealant functions that would diminish the deposition of pleural adhesions after injury. The PL polymer was first administered as the positive cat ion adhering to the damaged pleura. The negative anion PG was then administered seconds thereafter interacting with PL producing a neutrally charged matrix, which thereby sealed the damaged area acting as a barrier to prevent postoperative adhesions.

The critical time for adhesions to develop is between 4 to 6 days and one previous study have shown that PLPG complex resides on the peritoneum more than one week after administration [@B34]. After 28 days the PLPG complex is degraded from the peritoneal site [@B15].

We choose to keep the polypeptides in a solution since we wanted to saturate the surface that was abraded on the pleura using a spray bottle that was easy and convenient to use in all angles. The spray bottle had lucent walls and the volume and amount of the dissolved polypeptides that was distributed at the pleural injured surface was the same at all times administered. Prior to the study we tested the spray bottle on to a paper and noticed that the aerosols of the spray reached a large area despite a short distance from the paper (20mm) (data not shown).

We deliberately lowered the administered volume of NaCl and PLPG (0.1ml) since rat pleura is sensitive to high volumes (1 ml was too high) despite this, the results were significant. One previous study has shown that the dose response effect of PLPG regarding abdominal adhesions is as low as 1.6mg/kg. In this study the dose was 2 mg/kg. PLPG has not shown any toxic effects itself in several previous experiments [@B14]-[@B16], [@B34]-[@B37]. If administered alone, PL exerts toxicity when not combined with PG. The LD50 dose has been established to be 40mg/kg when PL was administered alone [@B35]. In this study all animals fared well receiving the combination of PL and PG. However, future LD50 studies will have to be made in order to fully unravel if PL has any potential toxicity used in thorax and its dose response relationship regarding adhesions versus volume and dose.

Previous studies have shown that other biobarriers may be limited in their capacity to prevent adhesions if they are not spread enough on the peritoneum [@B38], [@B39]. For this reason, we chose to administer the PLPG with spray in order to enable a larger pleural surface to be saturated by the polypeptides.

A crucial and potent mechanism of creating pleural adhesions is the presence of foreign particles that potentially may form granuloma, which may end up in adhesions [@B40], [@B41]. One of our previous peritoneal studies have shown that the PLPG complex is completely absorbed in the submesothelial space. This study was carried out using fluorescence and electron microscopy that could trace the PLPG complex after several days being incorporated in the submesothelial space most likely ingested by the unaffected macrophages. [@B15] From this, we hypothesized, that PLPG would be ideal, leaving no foreign particles behind and hence no potential late effects with pleural adhesions formation.

The resolving process of the pericardium and pleura is similar to when the peritoneum resolves after injury [@B23], [@B42], [@B43]. The pleura and the pericardium are serous organs with supportive and protective functions. Both are lined with a single layer of mesothelial cells supported on a basal membrane that in turn rests on a rich vascular supplied connective tissue which also contains dormant inactivated cells with supportive and protective functions. Mesothelial cell detachment is an immediate consequence of pleural, pericardial and peritoneal injury [@B2], [@B44]. The injured pleura secrete various substances from adjacent and remote activated cells (mesothelial cells, macrophages, fibroblasts, among others) in a time dynamic manner [@B45]-[@B47]. Among the substances involved are important modulators of the serine proteases plasminogen activator inhibitor (PAI-1), as well as the fibrosis transforming growth factor beta (TGFb1). These substances (and others) have the capability of reducing fibrinolysis via inhibition of the activation of the serine protease (and other proteases) plasmin and also through other mechanisms [@B48]. The reduced fibrinolysis results in more abundant fibrin remnants that serve as a scaffold for the adhesion development through replacement of the fibrin residues by native collagen.

In this study some minor differences were seen in concentrations of PAI-1 and TGFb1 between the PLPG and controls. The small variations in concentrations of PAI-1 and TGFb1 might be explained by the differences in the quality of adhesions. However, we hypothesized, that the PLPG complex did not cause the small differences observed. In previous papers examining peritoneal adhesions no differences between treated and untreated animals were shown regarding levels of PAI-1 and TGFb1 [@B36], [@B37].

Conclusion
==========

In this pilot study we have shown that PLPG diminishes the formation of pleural adhesions and that the resolving process of pleura does not seem to be affected. We also found that the PLPG dissolved in fluid was easy to administer and spray over the pleura as an aerosol.

This study was in parts financed by The Zoegas foundation in Helsingborg Sweden.

![**Pictures of macroscopical appearance.** The pleura after 7 days. Adhesions length marked as green dotted line when evaluated at day 7 and blue dotted line mark the total length of pleural cauterized incision at day 0. Animals in A and B received NaCl after pleural adhesions were created and animals from picture C and D received PLPG. Dotted lines depict thoracotomy incision.](ijmsv10p1720g001){#F1}

![**Severity of adhesions.** Severity of adhesions according to Oncel et al (Ref 19) expressed as median +/- interquartile range measured in the control and experimental groups. A significant decrease in the quality of adhesions was seen in the PLPG (p\<0.05) group at day 7 as compared to the controls.](ijmsv10p1720g002){#F2}

![**Length of adhesions.** The length of adhesions was graded according to Takagi et al (Ref 11) and expressed as median+/- interquartile range measured in the control and experimental groups. Significantly less adhesion were seen in the PLPG (p\<0.05) group at day 7 as compared to the controls.](ijmsv10p1720g003){#F3}

![**Results of PAI-1 in biopsies.** Levels of PAI-1 (pg/mg) in pleural adhesions at day 7 in the control group as compared to the PLPG group expressed as median +/- interquartile range. No significant difference was seen between the groups, (p=0.322). º and \* show outliers.](ijmsv10p1720g004){#F4}

![**Results of TGFb1 in biopsies.** Levels of TGFb1 (pg/mg) in pleural adhesions at day 7 in the control group as compared to the PLPG group expressed as median +/- interquartile range. No significant difference was seen between the groups, (p= 0.378). º show outliers.](ijmsv10p1720g005){#F5}

![**Appearance of pleural fibrosis on lung side with and without treatment.**Histology slides stained for collagen with Massons-Trichrome showing more pronounced fibrosis in the control (A) group as was seen in the PLPG group (B).](ijmsv10p1720g006){#F6}

###### 

Evaluation of severity of adhesion according to Oncel et al (Ref 19).

  Grade 0   No adhesions
  --------- ---------------------------------------------------------
  Grade 1   Loose filmy adhesions that can be separated by traction
  Grade 2   Adhesions requiring blunt dissection for separation
  Grade 3   Adhesions requiring sharp dissection for separation
  Grade 4   Serosal injury
  Grade 5   Tissue injury

###### 

Evaluation of the length of the adhesions according to Takagi et al (Ref 11).

  Grade 0   No adhesions
  --------- --------------------------------------
  Grade 1   \<25% of intercostal incision line
  Grade 2   25%-50% of intercostal incision line
  Grade 3   50%-75% of intercostal incision line
  Grade 4   75%-100% of intercostals line

###### 

Methods of adhesion evaluation in experiment and control group.

  --------------------------------------------------------------------------------------------------------------------------------------------------
                                                                      Day 0                Day 7
  ------------------------------------------------------------------- -------------------- ---------------------------------------------------------
  Experimental group/\                                                Adhesion creative\   \- Evaluation of adhesions Oncel et al and Takagi et al
  PLPG                                                                surgery              

  \- Evaluation of TGFb1 and PAI-1 in biopsies of pleural adhesions                        

  \- Histology of pleural adhesions                                                        

  Control group/\                                                     Adhesion creative\   \- Evaluation of adhesions Oncel et al and Takagi et al
  NaCl                                                                surgery              

  \- Evaluation of TGFb1 and PAI-1 in biopsies of pleural adhesions                        

  \- Histology of pleural adhesions                                                        
  --------------------------------------------------------------------------------------------------------------------------------------------------
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